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Integrative conjugative elements (ICEs) are a class of self-transmissible mobile elements that medi-
ate horizontal gene transfer in bacteria, and play an important role in bacterial evolution. Since
1992, ICEs of the SXT/R391 family have been found to be widely distributed among Vibrio cholerae
strains isolated in Asian countries. Here we describe ICEVchB33, an ICE found in the genomes of two
V. cholerae O1 Eltor strains, one isolated in India, 1994, and the other from Mozambique, 2004.
ICEVchB33 revealed a new genetic organization, different from other ICEs of the SXT/R391 family,
demonstrating the genomic plasticity of these elements.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction erae, ICEs have since been found in a majority of V. cholerae O1 andIntegrative conjugative elements (ICEs) are a class of self-trans-
missible mobile elements that have been found in the genomes of
prokaryotes [1,2]. As mediators of horizontal gene transfer in bacte-
ria, their importance in bacterial evolution is increasingly appreci-
ated. ICEs are, indeed, able to self transfer from a donor to a
recipient cell and integrate into the host chromosome [3]. Initially
described as conjugative plasmids, namely R factors, they were as-
signed to the IncJ exclusion group of conjugative plasmids [4]. Sub-
sequently they were found unable to replicate and were classiﬁed
as conjugative transposons that transfer to recipient cells via a
non-replicative circular intermediate [4]. ICEs are a genetic mosaic
of plasmids, phages, and transposons-like features, providing
insight intomechanismswhereby genetic regions assemble and be-
come incorporated in the evolutionary process of the bacterial
genome.
Two ICEs, the SXTMO10 element described in a clinical strain of
Vibrio cholerae O139 isolated in India in 1992, and R391, a IncJ ele-
ment from a strain of Providencia rettgeri isolated in South Africa,
were found to be functionally and genetically related [3,5–8].
Before appearance of the V. cholerae O139 serogroup, SXT-like
elements had not been detected in V. cholerae. This serogroup
appears to be responsible for the introduction of ICEs into V. chol-chemical Societies. Published by E
ryland Institute for Advanced
rk, MD, USA. Fax: +1 301 314
lwell).O139 isolates from Asia. Furthermore, ICEs of the SXT/R391 family
have been described in V. cholerae non-O1 non-O139, several re-
lated Vibrio spp., and other bacterial species [9–14]. Members of
this family carry a related integrase, intSXT, and insert into the host
chromosome at the same locus, i.e. the prfC gene [2]. From results
of a molecular analysis of several ICEs, it is concluded that these
elements share a conserved genetic scaffold that incorporates a
plasmid-like transfer system and a phage-like integration and con-
trol cluster, in which speciﬁc sequences are inserted. SXTMO10 and
R391 carry different insertions, while newly described ICEs share
insertions with both prototype elements, or carry unique
sequences [7,8,15].
In this study, we performed a genomic and functional analysis
of two SXT-related ICEs found in two clinical isolates of V. cholerae:
V. cholerae O1 ElTor MJ1236 isolated from India in 1994 and V.
cholerae O1 ElTor B33 isolated from Mozambique in 2004.2. Results and discussion
2.1. Location of ICE in the genome of V. cholerae O1 ElTor MJ1236 and
V. cholerae O1 ElTor B33 and assembly of ICEVchB33
A BLASTN search was done using the SXTM010 integrase nucleo-
tide sequence in the genomes of V. cholerae MJ1236 and B33,
detected an homologous gene at nt 3061809 of chromosome 1 of
MJ1236 and at position 12187 of contig 3 of B33. As was expected,
in ICEs of the SXT/R391 family, in both strains the integrase waslsevier B.V. All rights reserved.
Table 1
ORFs annotated in ICEVchB33 by RAST with brief description of function and nucleotide sequence comparison with ICEs R391, SXTMO10, and ICEPdaSpa1 unique ORFs in ICEVchB33
are in bold. Content of the four hotspots is shown in red.
(continued on next page)
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Table 1 (continued)
Fig. 1. Alignment generated by Artemis Comparative Tool (ACT) of ICEVchB33 with: (A) ICEPdaSpa1; (B) R391; and (C) SXTMO10. Red areas indicate homologous regions and
blue lines indicate inversions. Conserved regions are schematically represented by arrows, int/xis, the resistance cluster, umuCD and tra genes are shown in blue, yellow and
purple, respectively. Other genes are indicated by the white arrows. Two hypothetical proteins unique to ICEVchB33 are shown in green. Numbered yellow stars indicate hot
spots 1–4.
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chain release factor 3 [2]. Further analysis conﬁrmed a complete
106,014 bp SXT-like ICE in V. cholerae MJ1236 and detected SXT-
like nucleotide sequences located on three contigs of V. cholerae
B33: nt 1–16349 of contig 3; the entire contig 8; and nt 1–12120
of the contig 4 (accession no. ACHZ0000000). Assembly of the
SXT-related sequences in V. cholerae B33 was done using NucMer,
with the nucleotide sequence of R391 and SXTM010 as reference.
Alignment by NucMer revealed two gaps at junctions between
the three contigs that were resolved by PCR and conﬁrmed by
sequencing. The two ICE-like sequences showed 99% sequence
similarity and, therefore, are considered to be the same ICE. We re-
fer to this element as ICEVchB33, since V. cholerae B33 ICE had been
named previously [16].
2.2. Genomic organization of ICEVchB33
The two ICE-like sequences identiﬁed in the genome of V. chol-
erae B33 and V. cholerae MJ1236 were submitted to the RAST pipe-
line for annotation (http://rast.nmpdr.org). RAST identiﬁed 99
ORFs in both elements (Table 1).
Based on signiﬁcant similarity between integrase genes of the
elements and the SXT/R391 integrase (99% similar to the int gene
of both SXTMO10 and R391) and the insertion at the prfC locus,
ICEVchB33 was conﬁrmed to be an ICE belonging to the SXT/
R391 family. Comparative analysis of ICEVchB33 and other ICEs
in GenBank, using the Artemis Comparative Tool (ACT) (http://
www.sanger.ac.uk/Software/ACT), was done. Overall, the general
organization of ICEVchB33 was found to be highly similar to SXT/
R391 ICEs, namely SXTMO10, R391, and ICEPdaSpa1 [12]. ICEVchB33,
as all other related ICEs, posses an highly conserved core of genesFig. 2. Genetic organization of the resistance cluster ofresponsible for transfer, integration and excision, and control, that
encompasses ca. 60 kb (Fig. 1). As noted for other ICEs, speciﬁc in-
serted genes were identiﬁed in four hot spots and two variable re-
gions within the core backbone of ICEVchB33. Of the 99 ORFs
identiﬁed by RAST, 75 were present in SXT, 65 in R391 and 73 in
ICEPdaSpa1 (Table 1).
At the 50 end of the element, two ORFs located between nt 384–
491 and 872–2890, respectively, appeared to be speciﬁc to this
element, since theywere not found in either SXTMO10, R391, or ICEP-
daSpa1 (Table 1, Fig. 1). The ﬁrst ORF was 108 nt long and did not
show any similarity when searched by BLASTN or BLASTP. A second
ORF, located between nt 872 and 2890, is also unique to ICEVchB33
and showed 73% similarity to a putative DNA mismatch repair
protein in Shewanella spp., and 40% identity with the same protein
family in Vibrio splendidus 12B01 and Burkholderia thailandensis
E264. BLASTP analysis of the protein detected an Histidine kinase-
like ATPasemotif, commonly associatedwith ATP-binding proteins,
e.g. histidine kinase, DNA gyrase B, topoisomerases, heat shock pro-
tein, andDNAmismatch repair proteins involved inDNA replication,
recombination, and repair [17]. A protein belonging to this family,
the MutL ATPase of Escherichia coli, is involved in DNA repair, there-
fore a part of the mismatch repair system [17]. Interestingly, this
ORF is located between the xis and int genes (Table 1) usually found
adjacent in ICEs in an operon [18], but its presence did not interfere
in the integration/excision of the ICE (see below), showing both xis
and int to be functional. Since xis belongs to the recombination
directionality factor (RDF) protein family, a highly diverse group of
small proteins, the RAST pipeline failed to annotate the ICEVchB33
xis gene. Through a BLASTN search, using the SXTMO10 xis as query,
the orthologous xiswas located in the ICEVchB33 genome, between
nt 539 and 722, with 97% nucleotide similarity (Table 1).different ICEs. Conserved regions are highlighted.
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Like SXTMO10 and ICEPdaSpa1, ICEVchB33 contains a cluster of
resistance genes inserted at the rumB locus, while in R391 the rumB
gene is intact [7]. Insertion of the resistance cluster occurs at the
same base pair as SXTMO10 (Fig. 1). In ICEVchB33 the cluster spans
a region of 19,284 bp and its genetic organization is similar to two
other ICEs described in V. cholerae: ICEVchVie1 and ICEVchLao1
(Fig. 2) [14]. Although sequences of the ICEVchB33 resistance clus-
ter and SXTMO10 are highly related, signiﬁcant genetic rearrange-
ment in this region was observed (Fig. 1).
The ﬁrst three ORFs at the 50 end of the resistance cluster are
shared by SXTMO10, ICEPdaSpa1, and ICEVchB33, in the same order:
the three transposases of 594, 2139, and 1494 bp, respectively.
Downstream of the truncated IS tnpB, ICEVchB33 shows a genetic
organization that is similar to ICEVchInd1, an ICE in V. cholerae
O1 ElTor [6], ICEVchVie1, and ICEVchLaos [14]. All of these elements
lack the dfr18 dihydrofolate reductase gene that encodes resistance
to trimethoprim, the deoxycytidine triphosphate deaminase gene,
and two other ORFs in SXTMO10 (Table 1, Fig. 2). Like ICEVchInd1,
ICEVchVie1, and ICEVchLao1, ICEVchB33 carries virD2 (homologous
to s013 of SXTMO10), followed by ﬂoR, conferring resistance to chlor-
amphenicol, and an ORF encoding the LysR family transcriptional
regulator (Fig. 2). These three genes are present in SXTMO10 in the
same arrangement downstream of the dfr18 minicluster (Fig. 2).
It is noteworthy that ICEVchB33 carries the efﬂux protein TetA,
an effector of resistance to tetracycline, and its repressor TetR,
which are not found in SXTMO10. These two genes are present in
ICEPdaSpa1 and are the only resistance determinants carried in
the resistance cluster of this ICE [12]. tetR and tetA were also found
in the resistance cluster of ICEVchVie1 in a co-oriented fashion,
while ICEVchLao1 carries only the tetA gene (Fig. 2).
Two new genes were described in ICEVchB33: nreB and cobalt–
zinc–cadmium resistance protein czcD. By BLASTN search, nreB
gene was 95% similar to Pseudomonas aeruginosa LESB58 putative
nrbE-like protein and cation transporter, also annotated as
cobalt–zinc–cadmium resistance protein and present in Shewanella
spp. W3-18-1 [13]. czcD encodes a regulator usually associatedFig. 3. (A) Genetic organization of the hot spot 1; (B) genetic organizatiwith a three component chemostatic antiporter that pumps cations
outside the bacterial cell. A cluster, comprising proteins CzcCBA, is
found at the 30 end of ICESpuPO1 [13].
The 30 end of the resistance cluster showed the same genetic
arrangement as SXTMO10, encompassing strB, strA, sulII, conferring
resistance to streptomycin and sulfamethosazole, respectively,
and a transposase (Fig. 2). Like SXTMO10 and ICEPdaSpa1, ICEVchB33
lacks the kanamycin resistance cluster present in R391.
In the region between the rumAB cluster and hotspot 1 (nt
33540–38360), we found a sequence discrepancy in the backbone
of ICEVchB33, with respect to SXTMO10, R391, and ICEPdaSpa1
(Fig. 1). This region encompasses SXTMO10 ORFs s031–s038, also
found in ICEPdaSpa1. At position 33540, a 1764 bp ORF was anno-
tated by RAST as an hypothetical protein. BLASTN results showed
that the entire sequence is 97% similar to a protein of unknown
function found in E. coli plasmid p1658/97 and Escherichia ferguso-
nii str ATCC 35469T plasmid pEFER. A second sequence discrepancy
was found in the type II restriction enzyme methylase subunit
gene (s037). In ICEVchB33, the gene is 3111 bp longer than in
SXTMO10 and R391. Based on results of the BLASTN analysis, this
gene is most likely truncated in SXTMO10, R391, and ICEPdaSpa1
(Fig. 1).
2.4. Genetic content of ICEVchB33 hot spots
As in other ICEs, the ICEVchB33 speciﬁc genes are inserted into
four hot spots that confer speciﬁcity to the ICE.
Hot spot 1: Between genes s043 and traL, the inserted sequence in
ICEVchB33 is identical to that of R391, ICEPdaSpa1,
and several other ICEs, such as ICESpuP01, ICEVchInd1,
and ICEVchLao1 [6,14], which contain orf37 and orf38.
SXTMO10 and ICEVchMex1 are the only ICEs with a dif-
ferent insertion (Fig. 3A).
Hot spot 2: Inserted at the traA-dsbC locus, the element under
study has the same inserted cluster of genes as found
in ICEPdaSpa1 (Fig. 3B). In ICEVchB33, the cluster is
9480 bp long, between nt 56780 and nt 66260, andon of the hot spot 2; and (C) genetic organization of the hot spot 3.
Fig. 4. PCR with primer pair P4/P5 amplifying the extrachromosomal circular form
of the ICE. ICEVchB33 gave an amplicon of 650 bp as expected from the nucleotide
sequence in both strain harboring the element, while SXTMO10 gave the expected
amplicon of 785 bp. M: Hyperladder IV; 1: V. cholerae MJ1236; 2: V. cholerae B33;
and 3: V. cholerae MO10.
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The ﬁrst two genes downstream of traA, at the 50
end of the inserted sequence have 97% amino acid
sequence similarity with the mosA and mosT genes
in SXTMO10. These two genes, previously annotated
as ync and ynd encoding two proteins of hypothetical
function, have been recognized recently as a toxin–
antitoxin module, essential for maintenance of SXT
in its host [19]. At the 30 end of the inserted sequence,
ICEVchB33 carries ORFs spa01–spa04, previously
described in ICEPdaSpa1, encoding an helicase, an
hypotetical protein and two proteins annotated as
cardiolipin synthetase domain protein, and the type
4 ﬁmbriae expression regulatory protein PilR (Table
1). PilR amino acid sequence showed only 31% iden-
tity with an homologous PilR protein in Cellvibrio
japonicus Ueda10. PilR proteins are Sigma-54 depen-
dent DNA-binding response regulators of the Fis fam-
ily and involved in regulation of ﬁmbriae expression.
Hot spot 3: As noted for SXTMO10 and R391, the ICEVchB33 hot
spot 3 is located at the 30 end of s073, between nt
89450 and 99747. The Artemis Comparative Tool
was used to show sequence divergence between
ICEVchB33 and ICEPdaSpa1 that starts at nt 88629
since this last ICE lacks the s073 gene (Table 1,
Fig. 1).Although the 50 and 30 boundaries of ICEVchB33
Hotspot 3 are the same as those of SXTMO10 and R391,
the insertion content differs. Inserted at this locus,
ICEVchB33 carries a class 4 integron encoding for diy-
drofolate reductase (dfrA1) trimethoprim resistance,
occurring exclusively as an integron cassette [6]. The
same insertion is present in ICEVchInd1 [6], the two
sequences showing 99% nucleotide similarity. As in
ICEVchInd1, the dfrA1 and the intI9 integrase genes
are oriented in opposite fashion, common arrange-
ment of integrons. Four integron cassettes, each char-
acterized by presence of an attC site precede dfrA1, all
of unknown function (Fig. 3C).
Hot spot 4: At the 30 end of gene traN, between nt 76025 and
77377 of ICEVchB33, two ORFs encoding hypothetical
proteins are inserted, also present in R391 (96%
sequence similarity), but absent in SXTMO10 and ICEP-
daSpa1 (Fig. 3D).
2.5. Functional analysis of ICEVchB33
As genetic mobile elements, mediators of LGT, ICEs of the SXT/
R391 family have been demonstrated to be capable of excising
from the host chromosome and to form an episomal, non-replica-
tive intermediate required for conjugative transfer [8,12,15,18].
Using PCR, we tested the ability of ICEVchB33 to excise and form
an extrachromosomal circular intermediate. Ampliﬁcation of a cir-
cular ICE was conﬁrmed, suggesting an ability of this element to
excise from the host chromosome (Fig. 4). Furthermore, we
determined whether ICEVchB33 transferred from donor strains
(V. cholerae B33 and V. cholerae MJ1236) to an E. coli recipient
strain. In plate mating assays, ICEVchB33 transferred at frequencies
of 3.8  105 and 2.4  105 exconjugant/donor, with V. cholerae B33
and V. choleraeMJ1236, respectively, as donor strains. The frequen-
cies observed are comparable to those reported for other ICEs
[8,12]. Ten exconjugants for each transfer assay were conﬁrmed
by PCR demonstrating the presence of int and insertion of
ICEVchB33 at the prfC locus.
It is concluded that the same element was found in two V. chol-
erae El Tor O1 strains that had been isolated from very differentgeographical locations and at different times. In addition to
ICEVchB33, both contained the same hybrid CTX cluster, suggesting
a signiﬁcant relationship between the pandemic V. cholerae El Tor
O1 from India and from Mozambique (C. Grim, personal
communication).
As described for other ICEs, ICEVchB33 posses a mosaic genetic
structure, comprising a backbone common to other elements of the
same family, most likely having evolved by acquisition of different
gene clusters. These clusters are shared with other elements, indi-
cating an ability to modulate their adaptive potential. Furthermore,
ICEVchB33 was successfully excised from the host chromosome
and transferred by conjugation.
Although the function of several of the inserted genes remains
unknown, it can be concluded that they represent a mechanism
of evolution that determines ﬁtness of the genetic island within
the host genome. ICE, therefore, may well be an important evolu-
tionary agent for species of the genus Vibrio.
3. Material and methods
3.1. Bacterial strains and DNA preparation
The two V. cholerae El Tor O1 strains used in this study were
V. cholerae O1 ElTor MJ1236, isolated from India in 1994, and
V. cholerae O1 ElTor B33, isolated in Beira, Mozambique, in 2004.
Both cultures were grown in Luria–Bertani medium and stored at
80 C in LB, to which was added 25% glycerol. Total genomic
DNA was prepared according to Current Protocol in Molecular Biol-
ogy, [20].
3.2. Comparative genomics
Genetic comparisons of the ICE were accomplished by following
four separate steps. First, the nucleotide sequence of ICEVchB33
was aligned with SXTMO10 and R391, using NucMer [21]. Second,
ORFs were identiﬁed and annotated using RAST pipeline (http://
rast.nmpdr.org). The ICE sequence and genetic organization
were then compared with published ICEs through the Artemise
Comparative Tool (ACT) (http://www.sanger.ac.uk/Software/ACT).
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determined as % nucleotide or amino acid identity with other ICEs
in GenBank, employing BLASTN and BLASTP.
3.3. ICEVchB33 transfer
ICEVchB33 transfer was conﬁrmed by conjugation assays as pre-
viously described [8,18]. V. cholerae B33 and V. cholerae MJ1236
were used as donor and E. coli CP126 resistant to Nalidixic Acid
as recipient. Overnight cultures of marked donor and recipient cells
were mixed on an LB plate in 1:1 ratio and incubated at 37 C for
5 h. The cells were resuspended in LB broth, and dilutions were
plated on selective media, allowing enumeration of donors, recip-
ients, and exconjugants. Trimethoprim resistance was used as mar-
ker for ICEVchB33. ICE transfer frequency was calculated as the
number of TpR/NalR exconjugants observed per TpR donor cell.
3.4. PCR assays
The excision, transfer and integration of ICEVchB33 were con-
ﬁrmed by PCR. P4 (TGCTGTCATCTGCATTCTCCTG) and P5 (GCCAAT-
TACGATTAACACGACGG) primers were used to amplify the circular
form of the ICE [22]. PCR with primers pair INT1 (GCTGGATAGGT-
TAAGGGCGG) and INT2 (CTCTATGGGCACTGTCCACATTG) con-
ﬁrmed the transfer of the ICE into the E. coli recipient and
primers P3 (CAGCTACAACTGAGCATTGGC) and PVC-B (ACCACGC-
TCTTTTTCCATTTCCAT) conﬁrmed its integration at the prfC locus
in exconjugants [3,10].
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